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摘要 
内 容 摘 要 
生长素广泛参与了植物生长和发育过程的调控。然而人们仍然没有完全了解
其行使这些调控功能的内在分子机制。特别是，生长素对信使 RNA 前体转录后
调节方面的影响几乎不为人所知。通过使用本实验室创建的多聚腺苷化末端测
序技术，我们揭示了生长素处理条件下选择性多聚腺苷化图谱。我们的研究表
明在转录水平上，665 个多聚腺苷化簇的使用水平被生长素调节；生长素降低多
聚腺苷化簇在 5'末端非编码区的分布，同时增加在 3'末端非编码区的分布。通
过对单个基因多个腺苷化位点使用率的分析，我们发现 42 个基因的选择性多聚
腺苷化位点的使用比例发生了倒挂，这暗示生长素能够影响选择性多聚腺苷化
位点的选择。同时，多聚腺苷化识别信号在生长素处理之后也发生了改变。切
割及多聚腺苷酸化特异因子 CPSF30 的突变体在不同表型研究中表现出对生长素
的不同响应，这说明生长素与多聚腺苷化信号识别复合体间存在相互关联。我
们还发现生长素通过改变生长素响应因子 ARF7、ARF19 和生长素抑制子 IAA14
基因中不同选择性多聚腺苷化位点的使用来调控侧根发育过程，而生长素也通
过影响开花调控因子 FPA 不同转录本的表达来调节拟南芥开花。总而言之，本
研究揭示了生长素通过调控信使 RNA 多聚腺苷化过程来调节植物的生长和发育
过程。 
 
 
 
 
 
 
 
 
 
 
关键词： 生长素、选择性多聚腺苷化、高通量测序、侧根、开花 
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英文摘要 
Abstract 
Auxin is widely involved in the regulation of plant growth and 
development. However, the molecular mechanisms that explain how auxin 
carries out this regulatory work are mostly unclear. In particular, the 
impact of auxin on pre-mRNA posttranscriptional regulation is mostly 
unknown. By using a poly(A) tag (PAT) sequencing approach mRNA alternative 
polyadenylation (APA) profiles after auxin treatment were revealed. We 
showed that hundreds of poly(A) clusters (PACs) are regulated by auxin 
at the transcriptome level, and auxin reduces PAC distribution in 5'UTR, 
but increases it in 3'UTR. APA site usage frequencies of 42 genes were 
switched by auxin, suggesting that auxin affects the choice of 
polyadenylation sites. Furthermore, the poly(A) signals selection were 
altered after auxin treatment. For example, a mutant of poly(A) signal 
binding protein CPSF30 showed altered sensitivity to auxin treatment, 
indicating interactions between auxin and the poly(A) signal recognition 
machinery. We also found that auxin activity on lateral root development 
is likely mediated by altered expression of ARF7, ARF19 and IAA14 through 
poly(A) site switches. Finally, the impact of auxin on flowering is likely 
mediated through APA of flower regulator gene FPA. Overall, our results 
shed light on the molecular mechanisms of auxin regulation of plant growth 
and development in relative to its interaction with mRNA polyadenylation. 
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1．Introduction 
In response to internal signals and external stimuli, plants precisely 
regulate their gene expression patterns spatiotemporally. Such process 
requires many layers of regulatory mechanisms, including mRNA processing. 
Polyadenylation of mRNA is essential for almost all eukaryotic cells 
because it controls mature transcript export to cytoplasm, localization 
within the cell, and proper recognition by the translational machinery 
(Millevoi and Vagner, 2010). The expressed mRNA of genes with more than 
one poly(A) site may be altered by the choice of alternative poly(A) sites, 
called alternative polyadenylation (APA). Increasing evidence shows that 
many plant genes are regulated through APA (Xing and Li, 2011). The 
consequences of APA are selective inclusion or exclusion of certain 
sequence information like coding sequences, miRNA targets or stability 
elements, leading to altered gene expression and, hence, different 
phenotypes. However, our understanding of regulatory mechanisms 
affecting alternative poly(A) site selection is just beginning. 
With the advancement of sequencing technology, researchers studying 
polyadenylation have benefited immensely. Recent reports have revealed 
that most plant genes have more than two poly(A) sites. The selection of 
different poly(A) sites could be found in any section of the pre-mRNA. 
Although APA mostly happens in the 3’UTRs, an APA site can be located 
in the 5’UTR, introns or coding exons. This latter case would affect the 
protein-coding capacity of a given mRNA and/or its stability, 
localization, or translation efficiency (Guo et al., 2016; Wu et al., 
2011).  
In Arabidopsis, mutants of poly(A) factors have been reported to 
contribute to the regulation of many aspects of growth and development, 
such as flowering time control, disease immunity, oxidative stress, or 
even changes in circadian rhythm (Liu et al., 2014). The site of addition 
of polyadenylation, however, is determined by signaling elements located 
on the pre-mRNA, as well as the polyadenylation-related protein factors 
that recognize the signals and add a poly(A) tail. Large-scale, 
second-generation sequencing of polyadenylated transcripts with the use 
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of bioinformatics tools has led to some key understandings about poly(A) 
signals (Wu et al., 2011). In recent decades, the cleavage and 
polyadenylation specificity factor (CPSF) and its roles in APA have, to 
some degree, been revealed. APA profile analysis of poly(A) factor mutants 
revealed significant changes of poly(A) site selections and phenotypes 
in plant growth and development, albeit at different levels and regions 
by different mutants, indicative of the roles of poly(A) factors in plant 
development (Chakrabarti and Hunt, 2015; Czesnick and Lenhard, 2016; Hunt, 
2014; Kappel et al., 2015). A large number of studies show that plants 
regulate the usage frequency of different poly(A) sites on certain genes 
for their proper growth and development. For example, FPA and FCA control 
alternative polyadenylation independently on FLC antisense RNA, 
resulting in decreased FLC mRNA level and early flowering time (Hornyik 
et al., 2010; Simpson et al., 2003; Xing et al., 2008). Seed dormancy is 
controlled by APA of DOG1 in Arabidopsis (Cyrek et al., 2016). FPA was 
reported to regulate the usage of proximal polyadenylation sites of 
ETHYLENERESPONSE FACTOR 4 (ERF4) and quantitatively limit the output of 
bacteria-defense response (Lyons et al., 2013). 
To form correct patterns of tissues in multicellular organisms, 
individual cells have to coordinate their behavior by means of small 
signaling molecules like hormones. Auxin was detected in almost all 
branches of the green lineage in the tree of life, and it has been 
demonstrated that all land plants respond in dramatic ways to auxin 
application (Cooke et al., 2002). In higher plants, auxin acts upon many 
aspects of plant growth and development, including embryo patterning, 
root and shoot development, vascular differentiation and response to 
environmental stimuli (Hazak et al., 2010; Vanneste and Friml, 2009). 
More light will be shed on the role of auxin in plant growth and 
development as we gain more understanding of its biosynthesis, metabolism, 
transport and signal transduction. It has been reported that auxin is 
synthesized mainly in the shoot apex and young leaves through 
tryptophan-dependent and -independent pathways (Ljung et al., 2001). As 
one of the natural auxin moieties, indole-3-acetic acid (IAA) conjugates 
have been shown as a widespread process to control free IAA levels in 
plants (Ludwig-Muller, 2011). Auxin gradients can prolong or shorten the 
distinct phases of proliferation and differentiation, and auxin carriers 
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are essential for these processes (Blilou et al., 2005; Grieneisen et al., 
2007). Many auxin transporters have already been characterized. For 
example, while AUX1/LIKE AUXINPERMEASE (AUX1/LAX) proteins are involved 
in auxin influx (Bennett et al., 1996; Casimiro et al., 2001), the 
PIN-FORMED (PIN) proteins (Feraru and Friml, 2008) and several proteins 
of the ABCB transporter family (Ruzicka et al., 2010) are known to be 
involved in auxin efflux. Auxin is recognized by the TIR1/AFBs nuclear 
receptors (Dharmasiri et al., 2005; Kepinski and Leyser, 2005)which then 
target the Aux/IAAs repressors for their ubiquitination and subsequent 
degradation by the proteasome (Tiwari et al., 2004; Tiwari et al., 2001).  
This action releases auxin response factors, ARFs, and allows them to 
activate/repress downstream genes by binding to the auxin-responsive 
elements (AuxREs) in their promoter regions (Ulmasov et al., 1997). 
Twenty-three of the 29 Arabidopsis Aux/IAA proteins contain four 
conserved domains as canonical members (Gray et al., 2001; Reed, 2001) 
to regulate 23 ARFs in a synergistic or antagonistic manner (Krogan and 
Berleth, 2015). For example, recent studies revealed part of the 
underlying molecular mechanism during lateral root development. 
Specifically, auxin promotes repressor IAA14 protein degradation and the 
release of ARF7 and ARF19 to activate downstream lateral organ 
boundaries-domain (LBD)16/29 expression for the regulation of lateral 
root growth and development (Fukaki and Tasaka, 2009). In addition to 
these two well-known phenotypes caused by auxin, many phenomena with 
unknown mechanism still need to be investigated, such as delayed flowering 
of auxin in plants (GREEN and FULLER, 1948). 
Even though it has been established that auxin and polyadenylation 
are both widely involved in the regulation of plant growth and development, 
studies reporting on the role auxin plays in this post-transcriptional 
process are few. Therefore, to unravel the molecular mechanisms 
underlying this association, we used a poly(A) tag sequencing (PAT-seq) 
approach, and polyadenylation profiles with or without auxin treatment 
were obtained. Thus, we were able to demonstrate the significant effects 
of auxin on the regulation of the post-transcriptional polyadenylation 
process. In fact, hundreds of poly(A) site clusters (PACs) are regulated 
by auxin. Auxin seems to prefer functional mRNA with a lower percentage 
of PATs in 5’UTR and increased 3’UTR distribution of PACs. This study 
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also sheds light on auxin as a regulator of lateral root development, as 
well as auxin activity associated with flowering time control. 
 
2. Material and methods 
2.1 Plant material, growth conditions and chemical treatments 
Arabidopsis thaliana ecotype Columbia (Col) was used as wild type 
(WT).Seeds were surface-sterilized for 5 min in 5% commercial kitchen 
bleach, washed three times with sterile water, and plated on half-strength 
Murashige and Skoog (MS) medium (pH 5.8, 1% sucrose and 1% agar) with or 
without IAA. Plants were stratified at 4 °C for 3 days in the dark and 
then transferred to a phytotron set at 23 °C under light intensity of 
80 mM photons m-2s-1 in vertically oriented Petri dishes. Photoperiod was 
16hrs light/8hrs dark, unless otherwise specified. Seedlings were 
analyzed 7 days after germination for PAT-seq and qRT-PCR, 10days for 
lateral root number, and until flowering for rosette leaves number, 
respectively. 
 
2.2 RNA extraction  
After whole seedlings were collected from the plates, samples were 
immediately fixed in liquid nitrogen and stored at -80 °C until RNA 
isolation. RNA extraction was performed using MiniBEST Plant RNA 
Extraction Kit(Takara Inc.) according to the instruction manual. RNA 
concentration and purity were analyzed by Nanodrop2000 and Agilent2100. 
Each sample had 3 biological replicates. 
 
2.3 Quantitative real-time PCR 
Reverse transcription was carried out with 2 µg DNA-free total RNA 
using first-strand cDNA synthesis kit (Invitrogen Inc.). Quantitative 
RT-PCR assay was performed using the CFX96™ Real-Time PCR Detection System 
厦
门
大
学
博
硕
士
论
文
摘
要
库
(Bio-Rad, Inc.) with SYBR green PCR master mix. UBQ1 (AT3G52590) and ACT2 
(AT3G18780) were chosen as reference genes by geNorm software (Czechowski 
et al., 2005; Vandesompele et al., 2002). PCR was performed as follows: 
3 min at 95°C, followed by 40 cycles of denaturation for 15 s at 95°C, 
annealing for 15 s at 58°C, and extension for 20 s at 72°C. All 
experiments were performed with three independent biological replicates 
and three technical repetitions. The specific primers of those analyzed 
genes are listed in Supplementary Table S4. 
 
2.4 PAT-seq library construction and sequencing 
Global poly(A) site analysis of poly(A) site choice was profiled using 
RNA isolated from 7-day whole seedlings with or without IAA treatment, 
using a previously described method (Liu et al., 2014). Briefly, 2 µg 
DNA-free total RNA from each sample were fragmented in 5x first strand 
buffer (Invitrogen) at 94˚C for 2 min. RNA fragments with poly(A) tails 
were purified via oligo(dT)25 magnetic beads, and a 5’-end repair was 
performed using T4 polynucleotide kinase (New England Biolabs). Then a 
DNA/RNA hybrid adaptor was ligated to the 5’-end as an anchor using T4 
RNA ligase I (New England Biolabs).The library was generated by reverse 
transcription with barcoded oligo(dT) primers followed by 18 cycles of 
PCR amplification with Illumina adapters with Phire II (Thermo Fisher 
Scientific).The library was run on a agarose gel, and a 300 to 500 nt band 
was excised and purified by using QIAquick gel extraction kit (Qiagen). 
The final PAT-seq libraries were tested by Qubit and Agilent2100 before 
IlluminaHiSeq2000 sequencing was performed at Novogen (Beijing, China).  
 
2.5 PAT and PAC analysis 
The raw data were first filtered by FASTX-Toolkit, and then T-tags 
at the beginning of the sequence were trimmed by a Perl script. After that, 
clean reads were mapped to the most recent Arabidopsis thaliana reference 
genome (currently TAIR10) using Bowtie2, discarding the non-uniquely 
aligned reads. Internal priming was removed to reduce potential false 
poly(A) sites (Loke et al., 2005). Based on the ubiquitous poly(A) site 
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microheterogeneity in plants, adjacent poly(A) sites located within 24 
nucleotides of each other in one gene were defined into a poly(A) cluster 
(PAC) (Vinciguerra and Stutz, 2004). A series of custom Perl scripts were 
used as described (Wu et al., 2011). 
 
2.6 Differential expression analyses 
The DESeq2 package (Love et al., 2014) was used to search for 
differentially expressed PACs. DESeq2 estimates the variance of 
expression levels for a set of genomic features (5’UTR, intron, exon, 
3’UTR, intergenic region and ambiguous region) based on read number 
within the features. The P values were adjusted using Benjamini-Hochberg 
multiple testing corrections (Ferreira, 2007). To avoid the uncertainty 
from low read count, we set a minimal total read count of 4 raw reads in 
each group. PACs with lower read counts were excluded from the 
differentially expressed analyses.  
 
2.7 3’RACE confirmation 
3’RACE was performed using the FirstChoice RLM-RACE Kit Protocol 
(Ambion) according to the manufacturer’s instructions. The reaction was 
started with 1 µg DNA-free total RNA. Multiple PCR products were purified 
and cloned into the pGEM-T Easy vector (Promega), and individual clones 
were sequenced. Sequencing results were mapped to Arabidopsis thaliana 
reference genome (TAIR10) by OMIGA2.0 (Kramer, 2001). 
 
2.8 Identification of APA site switching genes 
To discover the poly(A) site switching genes, genes with at least two 
PACs were considered, as described before (Wu et al., 2016). Using R 
function prop.trend.test to obtain the p-value, the chi-squared test for 
trend in proportions was performed. P-values were adjusted using the 
Benjamin method with R function p.adjust.  
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2.9 Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
enrichment analysis 
We used the agriGO toolkit for GO enrichment analysis (Du et al., 2010). 
ArabidopsisthalianaTAIR10 GO annotation in Biomart database of Ensembl 
plants was used as a customized reference. The  significance level was 
set at 0.05, and the minimum number of mapping entries was set at 5. KEGG 
pathway enrichment analysis was performed using the KOBAS 2.0 platform 
(Xie et al., 2011). First, we annotated query genes for KEGG genes by using 
the Entrez ID of Arabidopsis candidate genes. Enriched pathways of query 
genes were performed using the hypergeometric test with a False Discovery 
Rate threshold of 0.05 using the Benjamini and Hochberg procedure 
(Klipper-Aurbach et al., 1995). The KEGG pathway database was used for 
identification (Kanehisa, 2002). Entrez ID of Arabidopsis genes was 
obtained from the Biomart of Ensembl Plants (Flicek et al., 2012).The 
cluster Profiler package was also used to perform GO and KEGG enrichment 
analysis and plot (Yu et al., 2012). 
 
2.10 MEME 
The Multiple Em for Motif Elicitation for Chromatin 
immunoprecipitation (MEME-ChIP) was used in motif enrichment analysis and 
clustering on large nucleotide datasets of this study (Bailey et al., 2009; 
Bailey et al., 2015). A Perl script was designed to extract nucleotide 
sequences from -35 to -10 nt before poly(A) sites, centered on selected 
peaks from reference genome and the sequences were submitted to the 
website (http://meme-suite.org/tools/meme-chip) to detect conserved 
motifs with a maximum length of 25 nt. 
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3. Results 
3.1 Genome-wide difference of poly(A) tags and clusters after auxin 
treatment.  
Both alternative polyadenylation and auxin response are widely 
involved in the regulation of plant growth and development. We suggest 
that this indicates possible crosstalk between these two processes. To 
test this hypothesis, we carried out studies to determine the impact of 
auxin on APA of related genes, using the PAT-seq approach (Liu et al., 
2014). To accomplish this, wild-type seeds were planted on 1/2 MS medium 
with or without 0.1 μM IAA for 7 days. Whole seedlings were collected 
in triplicate. In total, 6 PAT-seq libraries were constructed and 
sequenced using the Illumina HiSeq2000 platform. 
To study the function of exogenous auxin on poly(A) site choices in 
vivo, the genome-wide distributions of poly(A) sites were determined. 
First, low-quality reads were discarded from the raw data, and the 
remaining clean reads were mapped to the most recent Arabidopsis thaliana 
reference genome (TAIR10) by Bowtie2 (Langmead and Salzberg, 2012). Then 
we removed the potential internal priming candidates and eliminated tags 
that mapped to chloroplast and mitochondrial genomes (Loke et al., 2005; 
Wu et al., 2011), resulting in a total of 27,389,152 individual PATs 
(Supplemental Table S1). As expected and consistent with previously 
published studies, most PATs were predominantly situated in the 3’ UTR 
of protein-coding genes (Liu et al., 2014; Wu et al., 2011), while 
remaining PATs were located in exons, introns, intergenic regions or 
5’UTR. It is interesting to find that auxin treatment reduced the ratio 
of distribution in 5’UTR, while no significant difference was observed 
in other regions (Figure 1A), indicating varied poly(A) site usage in 
5’UTR. 
To further explore the consequences of the auxin treatment, those PATs 
were clustered to PACs, as defined by adjacent poly(A) sites located 
within 24 nucleotides in one gene based on ubiquitous poly(A) site 
microheterogeneity in plants (Wu et al., 2011). More than 115,426 PACs 
were identified with an average of 59 PATs per PAC, and they were 
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distributed among 22,874 genes. Among them, the relative proportion of 
genes with more than 2 PACs (APA genes) was increased in the auxin 
treatment group. For example, 21.1% of genes had more than 2 poly(A) sites 
after auxin treatment, while only 17.5% was found in the control group 
(Figure 1B). 
 
3.2 Differential expression of PACs in response to auxin 
To study poly(A) site usage under auxin treatment conditions, a 
strategy similar to that described previously was used (Wu et al., 2011). 
Because the total 3’-end read counts were different between libraries, 
the total number PATs counted from each sample was normalized. The number 
of PATs for each individual PAC is reflective of the relative expression 
level or frequency of utilization of this transcript in different samples. 
PAT ratio of differentially expressed PACs (De-PAC) revealed that the 
responses to exogenous auxin differ among PACS. A total of 665 De-PACs 
(544 up-regulated and 121 down-regulated in the auxin group) were 
identified (|log2FoldChange| >1.5 and p-adjust < 0.05) (Figure 2A and 
Supplemental Table S2). A PAC that only expressed in one context or that 
had significantly higher expression level (32-fold) compared to another 
sample was defined as a specifically expressed PAC. Among those De-PACs, 
16 were auxin-specific PACs, while only 1 of the down-regulated PACs was 
specifically expressed in the control. 
Then we investigated the genome-wide distribution of the PACs. It is 
interesting to find that De-PACs were more likely to be situated in 3’UTRs. 
About 90% of the De-PACs fell within annotated 3’UTRs, compared with 70% 
of the total PACs, but the proportion of PACs in other regions was reduced 
(Figure 2B).  
To further understand the function of De-PACs, we performed Gene 
Ontology (GO) analysis of up-regulated and down-regulated PACs. The 
molecular function, biological process and cellular component were 
evaluated separately by level, but only the top ten most significant terms 
are shown in each classification. GO enrichment showed that up-regulated 
PACs were enriched in biological process, including, for example, single 
root morphogenesis, trichoblast differentiation and maturation, 
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